Background: RGS14 binds distinct forms of active and inactive G␣ proteins through its RGS domain and GPR motif. Results: Inactive G␣ i1 -GDP binding of the GPR motif does not preclude RGS action on active G␣ o -GTP. Conclusion: RGS14 simultaneously binds active G␣ o and inactive G␣ i1 while retaining GAP activity. Significance: These findings clarify our understanding of how RGS14 integrates signaling by distinct G protein subunits.
Classically defined G protein signaling begins with a heterotrimeric G protein (G␣␤␥) bound to a G protein-coupled receptor (GPCR). 4 GPCR activation promotes GDP release and subsequent GTP binding to activate G␣. Activation of G␣ leads to dissociation/rearrangement of the heterotrimeric complex and allows G␣ and G␤␥ to interact with downstream effectors. Intrinsic GTP hydrolysis (GTPase) returns G␣ to its basal state (G␣-GDP), where it can bind G␤␥ once more and reassociate with a GPCR (1) (2) (3) . G proteins are further regulated by members of the regulators of G protein signaling (RGS) family. RGS proteins contain a canonical RGS domain of ϳ120 amino acids, which binds activated G proteins and acts as a GTPase-activating protein (GAP) to catalyze GTP hydrolysis and accelerate the G protein cycle (4 -6) .
Our previous research has revealed that RGS14 (regulator of G protein signaling 14), a member of the R12 subfamily of RGS proteins, is highly expressed in the brain (7, 8) and is a natural suppressor of CA2 hippocampal synaptic plasticity and learning and memory (9, 10) . RGS14 has a unique domain structure with an N-terminal RGS domain and a C-terminal G protein regulatory (GPR; also known as GoLoco) motif. GPR motifs consist of ϳ20 amino acids and bind inactive G␣-GDP subunits (11, 12) , thereby targeting GPR-containing proteins to the plasma membrane (13) (14) (15) . In addition to its RGS domain and GPR motif, RGS14 also contains two central tandem Raf-like Ras binding domains (RBDs), allowing RGS14 to engage H-Ras signaling pathways (16, 17) .
Due to its unusual domain structure, RGS14 (together with RGS12) possesses the unique capacity for interacting with distinct forms of G␣ subunits. As an RGS protein, RGS14 engages activated forms (G␣-GTP) of the G␣ i/o subfamily to stimulate G␣-directed GTP hydrolysis (7, 18, 19, 55) . Through its GPR motif, RGS14 selectively binds either inactive G␣ i1 -GDP or G␣ i3 -GDP to inhibit GDP dissociation and target RGS14 to the plasma membrane (13, 20, 21) . However, it remains unknown which form of G␣ (active or inactive) RGS14 engages first in cells and is bound to in its resting state. Potentially, RGS14 may act primarily as an RGS-GAP, recruited first by G␣-GTP following a G protein activation step and then secondarily interacting with the resulting inactive G␣-GDP to serve as a signaling complex. Alternatively, resting RGS14 may exist as a preformed complex with inactive G␣-GDP in place of G␤␥ (as proposed previously (22, 23) ), with its RGS domain free to interact with a second active G␣-GTP. We have previously demonstrated that recombinant RGS14 forms a stable complex with inactive G␣ i at the plasma membrane (13, 24, 25) . Activation of a G␣ i -linked GPCR uncouples the RGS14⅐G␣ i -GDP complex from the receptor, and the non-receptor guanosine exchange factor Ric-8A uncouples RGS14 from G␣ i via the GPR motif (24, 26) . Moreover, removal of the RGS domain does not prevent RGS14 localization to the plasma membrane (13) , suggesting that the basal state for RGS14 is in a stable complex with G␣ i -GDP.
Although we have made great strides in understanding RGS14 domain function in isolation, studies by our laboratory and others have not yet established a clear mechanism of action for how RGS14 utilizes the RGS domain and the GPR motif to integrate G protein signaling. Moreover, the structural rearrangements governing RGS14 function as an integrator of G protein signaling remain unknown. Here we explored the intramolecular dynamics of the RGS domain and the GPR motif with the goal of clarifying the RGS14 mechanism of action on G␣ protein signaling. Our studies sought to distinguish between recruitment of RGS14 to the plasma membrane by the GPR motif and RGS domain. We further explored the intramolecular communication between the GPR motif and RGS domain when bound to G␣ and examined whether RGS14 can engage two distinct forms of G␣ subunits simultaneously. Using a variety of complementary cellular and biochemical approaches, we show that binding of active or inactive G␣ subunit differentially affects RGS14 protein conformation and that RGS14 can bind both an inactive G␣-GDP and an active G␣-GDP-AlF 4 Ϫ subunit simultaneously to form a ternary signaling complex at the plasma membrane. Based on these findings, we propose and discuss a working model for RGS14 regulation and integration of G protein signaling at postsynaptic spines of its natural host cell, CA2 hippocampal neurons.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HeLa cells were maintained in 1ϫ Dulbecco's modified Eagle's medium with phenol red indicator supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin. HEK 293 cells were maintained in 1ϫ Dulbecco's modified Eagle's medium without phenol red indicator supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin. Cells were incubated at 37°C with 5% CO 2 . Transfections were carried out using polyethyleneimine (PEI) as described previously (15) .
Immunofluorescence and Confocal Imaging-HeLa cells were used preferentially for confocal imaging because cell morphology allowed for better observation of the boundary between the cytosol and plasma membrane. HeLa cells were transiently transfected with 100 ng of RGS14 (pcDNA3.1-FLAG-RGS14) and/or 100 ng of Glu-Glu epitope (EE)-tagged G␣ subunits (pcDNA3.1-G␣ i1 -EE or pcDNA3.1-G␣ o -EE). Transfected cells were washed with PBS and treated with AlF 4
Ϫ for 10 min in Tyrode's solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.37 mM NaH 2 PO 4 , 24 mM NaHCO 3 , 10 mM HEPES, and 0.1% glucose, pH 7.4) supplemented with 10 mM NaF, 9 mM MgCl 2 , and 30 M AlCl 3 . Cells were then fixed at room temperature in 4% paraformaldehyde for 10 min. Excess paraformaldehyde was quenched with 200 mM Tris, pH 7.4, supplemented with 0.75% glycine. Cells were then permeabilized in 0.1% Triton X-100 for 10 min and blocked for 1 h in 8% BSA. Next, cells were incubated for 1 h at 37°C in a 1:1000 dilution of rabbit anti-FLAG (Sigma) to detect FLAG-RGS14 and/or a 1:1000 dilution of mouse anti-EE (Covance) to detect G␣-EE in 4% BSA. Cells were then washed three times in PBS containing 0.05% Triton X-100 and placed into secondary antibodies for 30 min at 37°C. Secondary antibodies, Alexa 488 goat anti-mouse and Alexa 594 goat anti-rabbit (Molecular Probes), were diluted 1:500 in PBS with 4% BSA. Cells were then washed twice in PBS and stained with Hoechst 33342 (1:5000) in 4% BSA for 3 min. Cells were then washed again in PBS and mounted with Pro-Long Gold antifade reagent (Invitrogen). Images were taken using a 60ϫ oil immersion objective on an Olympus FV1000 confocal microscope. Images were processed, and intensity graphs were generated with ImageJ.
Bioluminescence Resonance Energy Transfer (BRET)-BRET experiments were performed in HEK 293 cells as described previously (14, 15, 26) . To generate the Venus-RGS14-Luc cDNA used in the current studies, Venus was inserted at the XhoI site of the previously described phRLucN2-RGS14 (26) . HEK 293 cells were transiently transfected with 5 ng of Ven-RGS14-Luc and either 0, 50, 100, 250, 500, or 750 ng of pcDNA3.1-G␣ i1 . For BRET experiments characterizing G␣ i1 (G42R) activity, HEK 293 cells were transfected with 5 ng of either RGS14-WT-Luc, Luc-RGS14-WT, or RGS14 -515/516-Luc (GPR-null mutant) plasmid alone or along with 25, 50, 100, 250, or 500 ng of G␣ i1 (G42R)-YFP or G␣ i1 -WT DNA where indicated. Twentyfour hours after transfection, cells were resuspended in Tyrode's solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.37 mM NaH 2 PO 4 , 24 mM NaHCO 3 , 10 mM HEPES, and 0.1% glucose, pH 7.4). Cells treated with AlF 4
Ϫ were resuspended in Tyrode's solution supplemented with 10 mM NaF, 9 mM MgCl 2 , and 30 M AlCl 3 . After counting, 10 5 cells were plated into white 96-well Optiplates (PerkinElmer Life Sciences). Acceptor expression was confirmed by measuring fluorescence using the TriStar LB 941 plate reader (Berthold Technologies) with 485-nm excitation and 530-nm emission filters. BRET was monitored using 485-and 530-nm emission filters. After a 2-min application of 5 M coelenterazine H (Nanolight Technologies), the change in BRET (⌬BRET) was calculated by dividing the 530 nm signal by the 485 nm signal (Venus/Lucif-erase) and subtracting the signal observed from Ven-RGS14-Luc alone. In experiments characterizing G␣ i1 (G42R)activity, BRET ratios (YFP/Luc) were recorded, and net BRET was calculated by subtracting the BRET signal from the luciferase alone. Data were collected using the MikroWin 2000 software and analyzed using Microsoft Excel and GraphPad Prism.
Purification of Recombinant Proteins-Full-length rat RGS14 was cloned using ligation-independent cloning into a pLIC-MBP vector (a gift from John Sondek to E. A. O.) containing a hexahistidine (H 6 ) tag, a maltose-binding protein (MBP) tag, and a tobacco etch virus (TEV) cleavage site to generate H 6 -MBP-TEV-RGS14. H 6 -MBP-TEV-RGS14 was expressed in BL21 (DE3) Escherichia coli and purified using Ni 2ϩ affinity chromatography. The H 6 -MBP tag was cleaved by treatment with purified TEV protease (1:200 TEV/RGS14) overnight at 4°C. Pure RGS14 was isolated with size exclusion chromatography by FPLC (AKTA Purifier) utilizing tandem Superdex S75/S200 columns (GE Healthcare). Purified protein was snap frozen and stored at Ϫ80°C. H 6 -G␣ i1 and H 6 -G␣ o were prepared and used as described previously (7) .
Generation of G42R Mutant-An AlF 4 Ϫ -insensitive mutant of G␣ i1 was generated by introducing a glycine to arginine mutation at amino acid 42 using the QuikChange TM kit (Stratagene).
To generate H 6 -G␣ i1 (G42R) (rat), the following oligonucleotide primers were used: forward, 5Ј-CTG CTG CTG CTG GGT GCT CGT GAA TCC GGG AAG AGC-3Ј; reverse, 5Ј-GCT CTT CCC GGA TTC ACG AGC ACC CAG CAG CAG CAG-3Ј. To generate G␣ i1 (G42R)-YFP (human), the following primers were used: forward, 5Ј-CTG CTG CTG CTC GGT GCT CGT GAA TCT GGT AAA AGT ACA ATT GTG-3Ј; reverse, 5Ј-CAC AAT TGT ACT TTT ACC AGA TTC ACG AGC ACC GAG CAG CAG CAG-3Ј.
Hydrogen/Deuterium Exchange (HDX) Mass Spectrometry-Solution phase amide HDX was carried out with a fully automated system as described previously (27) . Briefly, 4 l of 10 M RGS14 was diluted to 25 l with D 2 O-containing HDX buffer and incubated at 4°C for 10, 30, 60, 900, or 3,600 s. Following on exchange, back-exchange was minimized, and the protein was denatured by dilution to 50 l in a low pH and low temperature buffer containing 0.1% (v/v) TFA in 3 M urea (held at 1°C). Samples were then passed across an immobilized pepsin column (prepared in house) at 50 l min Ϫ1 (0.1% (v/v) TFA, 15°C); the resulting peptides were trapped on a C8 trap cartridge (Hypersil Gold, Thermo Fisher). Peptides were then gradienteluted from 4% (w/v) CH 3 CN to 40% (w/v) CH 3 CN, 0.3% (w/v) formic acid over 5 min at 2°C across a 1 ϫ 50-mm C18 HPLC column (Hypersil Gold, Thermo Fisher) and electrosprayed directly into an Orbitrap mass spectrometer (LTQ Orbitrap with ETD, Thermo Fisher). Peptide ion signals were confirmed if they had a MASCOT score of 20 or greater and had no ambiguous hits using a decoy (reverse) sequence in a separate experiment using a 60-min gradient. The intensity-weighted average m/z value (centroid) of each peptide's isotopic envelope was calculated with software developed in house (28) and corrected for back-exchange on an estimated 70% recovery and accounting for the known deuterium content of the on-exchange buffer. To measure the difference in exchange rates, we calculated the average percentage of deuterium uptake for RGS14 following 10, 30, 60, 900, and 3,600 s of on exchange. From this value, we subtracted the average percentage of deuterium uptake measured for the activated G␣ o or inactive G␣ i1 -bound RGS14 complex. Negative perturbation values indicate that exchange rates are slower for these regions within RGS14 in complex with activated G␣ o or inactive G␣ i1 . Resulting HDX data were mapped onto homologous RGS14 (PDB ID: 2JNU) or RGS10 (PDB ID: 2IHB) structures using UCSF Chimera (29) . The human RGS14 RGS domain structure utilized for apo-RGS14 map was selected from the solution structure using the ensemble cluster function. Sequence alignments for RGS14 and RGS10 were performed using Clustal⍀ (30, 31) .
GTPase-activating Protein (GAP) Assay-Single turnover GTPase assays were performed as described previously (7, 25) . G␣ o was diluted in 10 mM HEPES, 5 mM EDTA, 2 mM DTT, 0.1% Lubrol and loaded with 3,500 cpm of ␥-labeled [ 32 P]GTP for 20 min at room temperature. G␣ o was then cooled on ice for 5 min prior to the start of the assay. G␣ o (1 M) was added to reaction tubes containing 5 l of 10 mM GTP and 5 l of 1 M MgCl 2 with RGS14 or RGS14⅐G␣ i1 preformed complex. Proteins were incubated on ice for established time points and then quenched with ice-cold activated charcoal. The charcoal was pelleted, and the collected supernatant was added to scintillation vials. Released 32 P i was then measured with scintillation counting.
RESULTS
Our previous studies have indicated that native RGS14 exists both in the soluble (cytosolic) and particulate (membrane) fractions of brain lysates (7) , and is localized diffusely within the soma, dendrites, and spines and at the postsynaptic density in CA2 neurons of mouse brain (8, 9) . We also have shown that recombinant RGS14 can bind inactive G␣ subunits at the plasma membrane through the GPR motif (13) . Here we sought to explore how RGS14 subcellular localization changes in response to G protein activation. For this, we compared G␣ i1 , which can bind either the RGS domain or the GPR motif, and G␣ o , which can only bind the RGS domain (7, 13, 18, 19, 21) . Initial experiments examined subcellular localization of RGS14 in response to G protein activation with aluminum tetrafluoride (AlF 4 Ϫ ). AlF 4 Ϫ activates cellular G proteins by mimicking the G protein transition state. Moreover, AlF 4
Ϫ -activated G proteins are the preferred binding partner for RGS domains (32) (33) (34) , including RGS14. The RGS domain of RGS14 interacts with G␣ o when activated with AlF 4
Ϫ but not G␣ o activated with the non-hydrolyzable GTP analogue, GTP␥S (data not shown). When expressed in HeLa cells, FLAG-RGS14 is localized diffusely within the cytosol in the absence of G␣ subunits when visualized by confocal microscopy (Fig. 1A ). Co-expression of EE-epitope-tagged G␣ i1 (G␣ i1 -EE-GDP) was sufficient to recruit FLAG-RGS14 to the plasma membrane ( Fig. 1, B and D) . In contrast and as expected, co-expression of G␣ o -EE did not recruit FLAG-RGS14 to the plasma membrane ( Fig. 1 , C and D). Following activation of HeLa cells with AlF 4
Ϫ , FLAG-RGS14 remained at the plasma membrane with G␣ i1 -EE but translocated from the cytosol to the plasma membrane following activation of G␣ o -EE ( Fig. 1D ). FLAG-RGS14 translocation to the plasma membrane by G␣ o -EE-AlF 4 Ϫ took place slowly over 10 APRIL 3, 2015 • VOLUME 290 • NUMBER 14
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JOURNAL OF BIOLOGICAL CHEMISTRY 9039 min ( Fig. 1E ), probably reflecting the rate of activation of cellular G␣ by AlF 4 Ϫ . To investigate conformational changes of RGS14 in response to G protein binding in live cells, we developed an RGS14 BRET biosensor. An acceptor Venus tag was fused to the N terminus and a donor Renilla luciferase tag to the C terminus of RGS14 (Ven-RGS14-Luc). Resonant energy transfer is dependent on the proximity and conformation of the Venus and luciferase tags; thus, conformational changes in RGS14 can alter the position of the donor and acceptor tags and register a change in the BRET signal. As seen in Fig. 2 , the cytosolic Ven-RGS14-Luc biosensor exhibited basal BRET activity when expressed alone in cells. When co-expressed with inactive G␣ i1 , BRET activity decreased, suggesting that the BRET tags move away from one another due to binding of inactive G␣ i1 -GDP. In stark contrast, application of the nonspecific G protein activator AlF 4 Ϫ showed a marked increase in BRET signal, suggesting that the BRET tags move closer together in the presence of activated G␣ i -AlF 4
Ϫ . These findings highlight distinct and dynamic structural rearrangements that the RGS14 polypeptide adopts in response to the binding of G␣ subunits in different activation states.
We next turned to HDX mass spectrometry to gain a better understanding of the conformational changes occurring in RGS14 in response to interactions with G proteins. HDX measures the incorporation of deuterons from heavy water (D 2 O) with mass spectrometry over time to probe the secondary structure. HDX has emerged as a sensitive and rapid technique to identify alterations in conformational dynamics in proteinprotein or protein-ligand interactions (35) (36) (37) . The HDX heat map of apo-G␣ i1 (data not shown) agrees closely with previous reports of G protein structure and overall stability (38, 39) , whereas the HDX heat map of apo-RGS14 indicates that RGS14 is highly dynamic in solution (Fig. 3A ). High deuterium exchange was observed in both the N and C termini as well as the interdomain regions and the GPR motif. The RBDs and RGS domain were relatively more stable than the GPR motif with increased protection from solvent exchange (as determined by detection of lower levels of deuterium incorporation). The RBD1 region of RGS14 appeared to be more stable than RBD2.
The most stable regions of apo-RGS14 as indicated by HDX are located in the RGS domain. We modeled the observed solvent exchange onto a solution structure of the RGS domain of human RGS14 (PDB ID: 2JNU) (40) . As seen in Fig. 3B , residues 70 -185 showed modest deuterium exchange, indicating relative stability of the domain. Within the RGS domain, peptide fragments corresponding to the ␣5-␣6 loop (residues 127-142) showed high exchange, indicating a highly dynamic region. These results are consistent with the solution structure of the RGS domain of RGS10 (PDB ID: 2I59), a close relative of RGS14 and a member of the R12 subfamily of RGS proteins (40) .
We then sought to examine the effects of G protein binding on the dynamics of RGS14 protein structure. To characterize the interaction of RGS14 with activated G proteins, we performed differential HDX with RGS14 and AlF 4
Ϫ -activated G␣ o that binds the RGS domain but not the GPR motif (7, 18, 19) . As seen in the differential HDX heat map (Fig. 4A) , G␣ o -AlF 4
Ϫ dramatically stabilizes the RGS domain, indicated by a reduced solvent exchange in RGS14 residues 87-96 (28 -37%) and 127-174 (8 -30%). Also, a modest yet statistically significant decrease in deuterium incorporation was observed in residues 99 -126 (2-3%). The RGS domain of RGS14 demonstrates ϳ50% sequence identity with the RGS domain of RGS10; thus, we modeled the changes on to a previously reported crystal structure for RGS10 in complex with AlF 4
Ϫ -activated G␣ i3 (PDB ID: 2IHB) (40). Significant stabilization was observed in the ␣3-␣4 and ␣5-␣6 loops as well as ␣-helices 7 and 8. These regions are responsible for binding and stabilizing the switch regions of the G protein and are consistent with observed interactions between RGS domains and G proteins (41) . Notably, no significant change in solvent exchange was observed in the RGS14 polypeptide outside of the RGS domain.
Additionally, we performed HDX experiments with RGS14 bound to inactive G␣ i1 -GDP. As seen in Fig. 5A , a significant decrease in deuterium incorporation (9 -35%) was observed in residues 502-519, corresponding to the GPR motif. Significant changes in the stability of the RGS domain and RBD1 were also observed, indicating long range allosteric communication between RGS14 domains. As shown in Fig. 5B , allosteric stabilization was observed in residues 99 -129 and 147-171 corresponding to ␣-helices 4 and 6/7 in the RGS domain, each showing a decrease in solvent exchange of ϳ2-8%. Additionally, stabilization was observed in residues 316 -328 (3-6%) and 361-378 (2-7%) in RBD1.
Next, we explored whether RG14 could bind two different G␣ subunits simultaneously, each in different activation states, and the effects of these binding interactions on RGS14 structural stability. For these studies, we generated a G␣ i1 mutant (G42R) that is insensitive to activation by AlF 4 Ϫ and thereby unable to bind the RGS domain but is nonetheless capable of binding the GPR motif even in the presence of AlF 4 Ϫ (42). Our characterization of the purified mutant protein confirmed these properties showing that G␣ i1 (G42R) in the presence of AlF 4
Ϫ readily bound the GPR motif of a truncated form of RGS14 missing the RGS domain (R14-RBD/GPR) ( Fig. 6A ) but failed to bind the isolated RGS domain of RGS14 (H 6 -RGS), again in the presence of AlF 4 Ϫ (Fig. 6B) . We further characterized G␣ i1 (G42R) interactions with RGS14 in live cells using BRET analysis. For these studies, we utilized two different RGS14 BRET probes. The first contained a C-terminal tagged luciferase (RGS14-Luc) that is more sensitive to G protein binding at the GPR motif. The second contained an N-terminally tagged luciferase (Luc-RGS14) that is more sensitive to G protein binding at the RGS domain. Using the RGS14-Luc BRET probe, we found that G␣ i1 (G42R) interacts with the GPR motif in the presence and absence of AlF 4 Ϫ (Fig. 6C) . A GPR-null mutant (Q515A/R516A) of RGS14-Luc showed a greatly diminished capacity for binding G␣ i1 (G42R), both in the presence and absence of AlF 4 Ϫ (Fig. 6C ). BRET analysis with the N-terminally tagged Luc-RGS14 showed that G␣ i1 (G42R) has diminished binding to RGS14 in the presence of AlF 4
Ϫ compared with G␣ i1 -WT (Fig. 6D ). Following confirmation of G␣ i1 (G42R) properties, we then utilized this unique experimental tool to explore the function of the RGS domain when bound to G␣ i1 at the GPR motif. We preincubated purified RGS14 with purified G␣ i1 (G42R) and G␣ o in the presence of AlF 4
Ϫ and then subjected these proteins to size exclusion chromatography ( Fig. 6E ). All three proteins co-eluted together at an elution volume consistent with a ternary protein complex, suggesting binding of G␣ i1 (G42R) at the GPR motif does not preclude RGS14 interactions with activated G␣ o -AlF 4 Ϫ at the RGS domain.
We next examined the effects of binding two different G␣ subunits simultaneously at the GPR motif and the RGS domain on the RGS14 polypeptide stability using differential HDX (Fig.  7) . Binding of AlF 4 Ϫ -activated G␣ i1 (G42R) and G␣ o resulted in significant decreases in deuterium incorporation in both the GPR motif and RGS domain. In the RGS domain, significant decreases in solvent exchange were observed for residues 86 -92 (24 -26%) and 126 -174 (3-25%), corresponding to the ␣3-␣4 and ␣5-␣6 loops as well as ␣-helices 7 and 8, similar to what was observed for G␣ o -AlF 4 Ϫ binding (Fig. 4) . Additional stabilizations were observed in the RGS domain in residues 99 -124 (2-5%). These residues correspond to the ␣4-␣5 loop and a large portion of the ␣5-helix of the RGS domain. Significant stabilization was also observed in the GPR motif. Residues 502-519 showed a 10 -49% decrease of deuterium uptake, consistent with the results observed for the RGS14⅐G␣ i1 -GDP complex ( Fig. 5 ). In addition to the RGS domain and GPR motif, stability was also observed in both Ras binding domains, as indicated by decreases in deuterium exchange of 2-14%. These results are consistent with the formation of a ternary complex. Finally, we tested whether the binding of G␣ i1 -GDP at the GPR motif affects the capacity of RGS14 to function as a GAP on a second G␣, G␣ o -GTP. For this, we performed single turnover GTPase assays comparing RGS14 alone and a preformed complex of RGS14 bound to G␣ i1 -GDP (RGS14⅐G␣ i1 -GDP). As seen in Fig. 8, RGS14 alone accelerated the GTPase activity of G␣ o , as expected and consistent with previous reports (7, 18, 19) . The preformed RGS14⅐G␣ i1 -GDP complex also stimulated G␣ o GTPase activity equally as well as RGS14 alone (Fig. 8A) , and this was the case across a range of increasing protein concentrations (Fig. 8B) . These results indicate that binding of G␣ i1 -GDP to RGS14 at the GPR motif does not alter the capacity of the RGS domain to bind G␣ o -GTP and serve as a GAP.

DISCUSSION
RGS14 and its close relative RGS12 are the only identified proteins that contain distinct domains that bind both active (RGS domain) and inactive (GPR motif) forms of G␣ subunits. How RGS14 interacts with these two G␣ in different activation states to integrate G protein signaling is unknown. Our current understanding of RGS14 biochemistry is limited to the functions of individual domains and motifs in isolation. Here we explored the intramolecular communication between the GPR motif and the RGS domains within full-length RGS14 following G protein binding. Overall, our results indicate that 1) RGS14 can exist as a preformed stable complex with G␣ i1 -GDP at the plasma membrane; 2) free cytosolic RGS14 can translocate to the plasma membrane in the presence of G␣ o -AlF 4 Ϫ ; 3) apo-RGS14 is a highly dynamic protein but adopts different conformations in response to binding of either active or inactive G␣; 4) G␣ o -AlF 4 Ϫ binding stabilizes the RGS domain but does not alter the stability of other domains; 5) G␣ i1 -GDP binding stabilizes the GPR motif and also induces allosteric stabilization of the RGS domain and RBD1; 6) RGS14 complex formation with G␣ i1 -GDP at the GPR motif does not preclude binding of activated G␣ o -AlF 4 Ϫ at the RGS domain; and 7) binding of G␣ i1 -GDP at the GPR motif does not disrupt the GAP activity of the RGS domain directed at a G␣ o protein. Taken together, these results clarify the interdomain regulation between the RGS domain and GPR motif and demonstrate that RGS14 can functionally engage two distinct G␣ subunits simultaneously. We discuss the implications of these findings for RGS14 function and propose a working model for RGS14 regulation of G protein signaling in its native environment of CA2 hippocampal neurons. RGS14 Subcellular Localization-Our previous work has shown that native RGS14 exists as biochemically distinct subpopulations in brain, present both in the cytosol and at membranes (7, 13) . Consistent with this observation, we also found that native RGS14 in hippocampal CA2 pyramidal neurons is broadly expressed in soma and dendrites and also in spine necks and postsynaptic densities (PSDs) (9) . Together, these findings suggest that RGS14 exists within various subcellular compartments and is dynamically regulated. Unresolved is what form of G␣ makes first contact with RGS14 within the cell (i.e. is the RGS domain first recruited to an active G␣-GTP, or is the GPR motif first recruited to an inactive G␣-GDP?). Here, we found that inactive G␣ i1 -GDP can preform a stable complex with RGS14 at the plasma membrane that remains there following cell-wide activation with AlF 4
Ϫ . In this case, we postulate that different domains of RGS14 simply swap positions with the different activation states of G␣, without falling off the membrane. By contrast, in the absence of G␣ i1 -GDP, RGS14 remains cytosolic yet can be recruited by activated G␣ o -AlF 4
Ϫ to the plasma membrane via the RGS domain. Together with previous observations of RGS14 localization in brain and CA2 neurons (8, 9) , our findings here suggest that RGS14 exists as distinct cellular subpopulations, either bound to the plasma membrane in complex with G␣ i -GDP or recruited from the cytosol to the plasma membrane by active G␣-GTP followed by capture of the G␣-GDP resulting from GAP activity.
RGS14 Protein Conformational Changes-Following RGS14 association with G␣ at the plasma membrane, an unresolved question is how G␣ binding affects RGS14 protein conformation. As we previously postulated (26), RGS14 may form a clam shell-like structure, similar to other GPR scaffolding proteins (43) , that closes after binding active G␣-GTP and opens upon binding inactive G␣-GDP. In support of this idea, we found here that an RGS14 biosensor (Ven-RGS14-Luc) exhibited intrinsic BRET activity that increased following binding of active G␣ i1 -AlF 4 Ϫ at the RGS domain and decreased following binding of inactive G␣ i1 -GDP at the GPR motif. This suggests that in the absence of G␣, apo-RGS14 exists in a semi-clam shell conformation that opens following binding of inactive G␣-GDP and closes following binding of G␣-AlF 4 Ϫ , thus reflecting the N and C termini of RGS14 becoming more compact. In either case, G␣ binding could alter RGS14 interactions with other known RGS14 partners (e.g. active H-Ras, Rap2, or Ca 2ϩ / CaM) and/or put RGS14 in a conformation that is optimal for regulation (e.g. phosphorylation or other).
As a complement to these findings, we utilized HDX to explore the dynamic nature of purified apo-RGS14 as well as dynamic changes that might occur to RGS14 structure following binding G␣ subunits. Apo-RGS14 demonstrated considerable intrinsic flexibility, particularly within the interdomain regions and at both termini (Fig. 3) . As a scaffolding protein capable of integrating signals from different G␣ proteins and H-Ras, RGS14 flexibility in the interdomain regions would allow for the adoption of different conformations when binding different proteins. The GPR motif exhibited considerable flexibility, consistent with a previous report showing that a short peptide corresponding to the RGS14 GPR motif utilizes an ␣-helix to contact the Ras-like lobe and irregular secondary structure to contact the ␣-helical lobe of G␣ i1 -GDP (40, 44) . As such, many residues within this motif must remain accessible to solvent in order to bind G␣. 
RGS14 Integration of G Protein Signaling
The tandem Ras binding domains (RBD1 and RBD2) also showed considerable flexibility. Of these, RBD1 was most stable, particularly within residues 315-330. Based on homologous RBDs (45), these residues correspond to the ␤2-sheet and ␣1-helix known to engage small GTPases, such as H-Ras and Rap2. The increased stability in RBD1 may reflect the functionality of the domain because H-Ras and Rap2 bind RBD1 but not RBD2 (17, 46) . At present, there are no known binding partners of RBD2, but in order to engage other binding partners, this domain may require additional stabilization by (as yet unknown) posttranslational modification(s), an adjacent lipid bilayer, and/or ancillary binding partners.
Last, the RGS domain of apo-RGS14 showed the most stability, consistent with a folded RGS domain. Peptides corresponding to the ␣2-, ␣3-, ␣4-, and ␣7-helices were most stable and are known to contribute to the hydrophobic core in homologous RGS domain structures (41) . Peptides corresponding to the ␣3-␣4 and ␣5-␣6 loops were least stable, reflecting the solvent-accessible G protein binding site where the RGS domain contacts and stabilizes the switch regions of the G protein to promote GTP hydrolysis (40, 41) . In summary, apo-RGS14 exhibited dynamic structural properties typical of scaffolding proteins that integrate signals from many binding partners.
We also examined the effects of G␣ binding on RGS14 structural stability by differential HDX. Upon binding G␣ o -AlF 4 Ϫ , the ␣3-␣4 and ␣5-␣6 loops of the RGS domain show the most stabilization. Additionally, stabilization was observed in helix 7/8, regions known to interact with and stabilize G protein switch regions. These results are consistent with previous reports of G protein interactions with RGS domains (40, 41) . Somewhat surprisingly, the differential HDX map for RGS14⅐G␣ o -AlF 4 Ϫ did not show significant changes in other protein regions, suggesting that RGS14 interactions with activated G␣-GTP do not regulate the function of other RGS14 domains. Conversely, the differential HDX map for RGS14⅐G␣ i1 -GDP suggests that binding at the GPR motif has effects on other domain Ϫ for 1 h at 4°C and then run over tandem Superdex S75/S200 size exclusion columns. SDS-PAGE of collected fractions were stained with Coomassie blue. Boxed in black is the R14-RBD/GPR⅐G␣ i1 (G42R) complex, whereas free G␣ i1 (G42R) is indicated by the dashed box. B, purified truncated RGS14 expressing solely the RGS domain (H 6 -RGS) was combined with H 6 -G␣ i1 (G42R) in the presence of AlF 4
Ϫ for 1 h at 4°C and then run over tandem Superdex S75/S200 size exclusion columns. SDS-PAGE of collected fractions were stained with Coomassie blue. Outlined in black dots is the free H 6 -RGS protein, whereas free H 6 -G␣ i1 (G42R) is indicated by the dashed box. C, HEK 293 cells were transfected with 5 ng of either RGS14-WT-Luc or RGS14-515/516-Luc (GPR-null mutant) plasmid alone or along with 25, 50, 100, 250, or 500 ng of G␣ i1 (G42R)-YFP DNA. G␣ i1 (G42R) was activated with AlF 4
Ϫ for 40 min. BRET ratios were recorded, and net BRET was calculated by subtracting the BRET signal from the luciferase alone. Data shown are the mean of three separate experiments, each with triplicate determinations. D, HEK 293 cells were transfected with 5 ng of Luc-RGS14 plasmid alone or along with 25, 50, 100, 250, or 500 ng of G␣ i1 -WT-YFP or G␣ i1 (G42R)-YFP DNA. G␣ i1 was activated with AlF 4
Ϫ for 40 min. BRET ratios were recorded and net BRET was calculated by subtracting the BRET signal from the luciferase alone. Data shown are the mean of three separate experiments, each with triplicate determinations. E, purified full-length RGS14, H 6 -G␣ o , and H 6 -G␣ i1 (G42R) proteins were incubated together in the presence of AlF 4
Ϫ for 1 h and then run over tandem S75/S200 size exclusion columns (top). Fractions were collected, and SDS-PAGE of collected fractions were stained with Coomassie blue. Bottom, immunoblots (IB) of each protein corresponding to fractions in the Coomassie blue-stained gel. Fractions containing the RGS14⅐G␣ i1 (G42R)⅐G␣ o -AlF 4 Ϫ complex are indicated by the black box. Error bars, S.E. stability. Binding of G␣ i1 -GDP stabilized the GPR motif, as expected. However, stability was also observed in the RGS and RBD1 domains. These changes do not appear to be the result of direct protein binding to the RGS and RBD domains but rather allosteric stabilization, suggesting that the G␣ i1 -GDP stabilization of RGS14 could modulate G␣-GTP binding via the RGS domain and H-Ras-GTP binding at RBD1. Consistent with this observation, we previously reported that G␣ i1 -GDP binding at the GPR motif markedly enhanced H-Ras-GTP interactions with RGS14 (26) .
To understand the implications of stabilization of the RGS domain by binding of G␣ i1 -GDP at the GPR motif, we modeled the stabilized regions onto a previously reported structure of RGS10 bound to G␣ i3 (PDB ID: 2IHB) (40) . The observed regions of stabilization were located away from the G protein binding site in ␣-helices 4 and 6/7. Within the residues identified, a conserved cysteine is present in the ␣4-helix, which has been shown to be palmitoylated in RGS4 (Cys-95) and RGS10 (Cys-66) (47) . Although RGS14 has not been shown to be palmitoylated to date, the allosteric changes in the RGS domain may allow for such regulation to occur. Additionally, the changes observed in the RGS domain are proximal to identified PIP3 binding sites in other RGS proteins (48, 49) , suggesting these alterations in domain stability may place RGS14 in a more favorable position to interact with the plasma membrane.
RGS14 Complex Formation with Two G Proteins-We examined whether RGS14 could simultaneously interact with an active G␣ o -AlF 4 Ϫ at the RGS domain and an inactive G␣ i1 (G42R)-GDP at the GPR motif. By size exclusion chromatography ( Fig. 6E ), RGS14 appears to form a ternary complex with active G␣ o -AlF 4
Ϫ and inactive G␣ i1 (G42R)-GDP. This finding raised two additional questions: 1) how does simultaneous binding of two proteins alter RGS14 protein conformation, and 2) does binding of G␣ i1 -GDP at the GPR motif affect the GAP activity of RGS14 toward an active G␣ o -GTP? Our differential HDX studies indicated that binding of two G␣ proteins simultaneously results in overall stability of RGS14. Somewhat surprisingly, binding of G␣ i1 -GDP at the GPR motif appears to not affect RGS14 GAP activity toward G␣ o -GTP. A preformed RGS14⅐G␣ i1 -GDP complex retains full and unaltered capacity to directly bind G␣ o -GTP and accelerate its GTPase activity by single turnover GTPase assays, irrespective of the conformational changes within the RGS domain indicated by HDX.
Proposed Working Model-Based on our findings here and elsewhere, we propose a working model ( Fig. 9 ) for how RGS14 integrates G protein signaling in its native environment, CA2 hippocampal neurons. Our data are most consistent with a model where RGS14 is recruited by an activated G␣-GTP and then is captured at the plasma membrane by G␣-GDP. Native RGS14 is most abundant in the cytosol (soma, dendrites, and spines) of CA2 hippocampal neurons and in extracts (soluble fraction) of whole brain (7, 9) . In our proposed model, inactive RGS14 is present in the cytosol unbound to G␣. Following stim-ulation of a postsynaptic GPCR (Fig. 9A) , RGS14 is initially recruited as a GAP to the plasma membrane by G␣ i1 -GTP via the RGS domain. Following GAP activity, the resulting G␣-GDP immediately binds the GPR motif, thereby capturing and anchoring RGS14 at the plasma membrane to regulate signaling pathways important for LTP. We propose that this newly formed RGS14⅐G␣-GDP complex can serve as a nucleating center for the recruitment and clustering of additional RGS14 at the plasma membrane within the immediate vicinity to serve as a signaling hot spot. As illustrated in Fig. 9A , the RGS domain is free to GAP one or more adjacent G␣-GTP subunits to form free G␣-GDP, each capable of recruiting RGS14 to form a cluster of RGS14⅐G␣-GDP complexes. Within the dendritic spines of CA2 neurons (Fig. 9B) , coincident activation of AMPA/ (1) In the basal resting state, G␣ i1 -GDP in complex with G␤␥ is bound to a GPCR at the plasma membrane (PM), whereas RGS14 remains in the cytosol. (2) Agonist activation of a GPCR induces downstream signaling through G␤␥, whereas activated G␣ i1 -GTP recruits RGS14 to the plasma membrane. (3) RGS14 accelerates the GTPase of G␣ i1 , causing hydrolysis of GTP to GDP. (4) The RGS domain loses affinity for G␣ i1 -GDP, and the GPR motif is free to bind the newly inactivated G␣ i1 . (5) RGS14 forms a stable complex with inactive G␣ i1 -GDP at the plasma membrane, which could serve to nucleate local recruitment of other RGS14⅐G␣ i1 -GDP complexes. (6) The RGS domain is then free to intercept and "GAP" a second near G␣ i1 -GTP after activation of a nearby GPCR, generating a G␣ i1 -GDP that could recruit a second RGS14. Unresolved (?) is how the complex is regulated to return to basal state (1) . B, in the dendritic spines of CA2 hippocampal neurons, RGS14 is recruited to the PSD by activated G␣ i1 -GTP following coincident activation of a GPCR (e.g. metabotropic glutamate receptors and others) and iGluRs (AMPA and NMDA receptors). Following RGS domain-catalyzed GTP hydrolysis, RGS14 may remain bound at the membrane by inactive G␣ i1 -GDP through the GPR domain, thereby concentrating RGS14 at the PSD. This serves to nucleate subsequent recruitment of a collection of RGS14⅐G␣ i1 complexes at the PSD to form a signaling node that can intercept incoming excitatory signals promoting LTP, such as H-Ras and Ca 2ϩ /calmodulin (CaM). Clustering of inactive G␣ i1 -GDP in an RGS14⅐G␣ i1 signaling node may also promote sustained signaling by activated G␤␥.
NMDA receptors and nearby G␣ i -linked group II metabotropic glutamate receptors (or other GPCRs) by released glutamate may recruit a cluster of RGS14⅐G␣-GDP to the plasma membrane (or PSD). As we have reported previously, this complex is capable of interacting with active H-Ras-GTP to inhibit ERK signaling (17) and Ca 2ϩ /CaM (50) , both key regulators of LTP and synaptic plasticity (51, 52) . Recruitment of RGS14 would limit G␣ i1 -GTP signaling, and the newly formed RGS14⅐G␣ i -GDP complex is now well positioned to sequester H-Ras-GTP and/or CaM activated by Ca 2ϩ influx from NMDA receptors and thereby inhibit downstream signaling events essential for LTP.
An implicit prediction of this model is that RGS14 sequestering of G␣-GDP would enhance/prolong the signaling of the G␤␥ abandoned by the G␣-GDP bound to RGS14. Therefore, the purpose of this GPCR signaling event in dendrites/spines of CA2 neurons may be to nucleate a localized cluster of RGS14⅐G␣-GDP to serve as a signaling center, block LTP, and enhance G␤␥ signaling (for as yet unknown purposes). Cellular mechanisms that regulate and reverse this complex are poorly understood at this time, although the RGS14⅐G␣-GDP complex is phosphorylated (53, 54) and can be regulated by a GPCR and the non-receptor guanine nucleotide exchange factor Ric8A (24, 25) , suggesting possible modes of regulation for further investigation. Although speculative, this model is entirely consistent with existing data and makes predictions that are testable and under investigation. In this way, RGS14 may act to suppress LTP and synaptic plasticity in CA2 hippocampal neurons.
